An innovative set-up of synchrotron radiation soft X-ray Fluorescence was applied at the TwinMic beamline (Elettra Sincrotrone Trieste) to test the potential of the method in investigating the interaction between protectives and consolidants with sandstone substrates. To this purpose, products developed in the framework of the EU-funded Nano-Cathedral Project (grant agreement No 646178) were studied through chemical mapping of sandstone cross sections with the aim of inspecting the distribution and the adhesion/cohesion ability of the products. The paper illustrates the obtained results, also in combination with SEM-EDS imaging, paying special attention to the experimental challenges encountered in the use of the TwinMic set-up. Even though the TwinMic microscope normally works in transmission mode to focus the microprobe on the sample, we successfully managed to scan thick (1 mm) samples in reflection mode, thus showing the potential of this technique for the investigation of samples that cannot be easily prepared as thin (≤1 μm) cross sections.
Introduction
Imaging and microanalysis techniques usually represent the best basic approach for studying textural, structural and compositional features of natural stones [1] [2] [3] [4] [5] [6] [7] [8] [9] . As regards the analysis of the interaction between stones and conservation products, SEM-EDS studies are widely employed, giving relevant clues on the location of the products inside the porous matrix of stones and, in particular, on their penetration depth [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, when the in-depth investigation of the structural arrangement of these products is concerned, this approach may fail to provide unambiguous answers. In particular, aspects such as the adhesion of the products to the stone grains and the cohesion between grains imparted by them often remain unclear, due to possible resolution limits of the SEM-EDS technique and/or compositional similarities between stones and conservation products [19, 20] . In this perspective, advanced microscopy techniques using brilliant sources, like synchrotron radiation, might overcome some drawbacks of classical imaging and micro-chemical methods, allowing to improve the amount and the quality of acquired information in terms of scale of investigation and identifiable chemical elements [21] [22] [23] . Among these techniques, soft X-ray synchrotron microscopy coupled with X-ray Fluorescence at synchrotron facilities offers a powerful tool to investigate materials at micron and submicron level, providing simultaneous morphological and chemical information [24, 25] .
In the framework of the EU-funded Nano-Cathedral Project (grant agreement No 646178), aimed at synthesizing and testing innovative nano-structured products [26, 27] for the preservation of historical architecture [28] , the evaluation of the suitability of the products was carried out by integrating different methodologies and laboratory tests [26, 27, [29] [30] [31] [32] . The new nanomaterials, that is, protectives and consolidants formulated by companies involved in the project, were previously tested by laboratory routines in order to evaluate their effectiveness over time. Investigations were mainly focused on evaluating the ability of the products to penetrate into the inner structure of selected stones, a property that greatly depends on the characteristics of the products themselves, but also on the substrate material features.
Tailored characterizations, standardization of the production and, finally, application of the treatments on selected areas of six different monument sites of European architectural heritage were included in the ultimate step of project activities, aimed at enabling decision makers to address the restoration and conservation of stone artefacts with a systematic awareness based on in situ experimentations.
The project also included a specific task aimed at developing predictive models of consolidation and protection processes; specifically, this task was devoted to collect and elaborate data in order to discuss the efficacy of the products as a function of the physical-chemical features of the systems under study. In particular, models about the interaction of treatments with the stone surface, as well as their penetration depth and distribution in the pore network were elaborated. In this perspective, the possibility to collect chemical images of treated stones allowed to better understand the distribution of the nanomaterials in the stone substrates, supporting the research of predictive and semi-empirical correlations able to describe the protective/consolidating action on stones.
To this purpose, a selection of treated specimens already investigated by other methodological approaches during laboratory testing protocols were observed in scanning mode at the TwinMic soft X-ray microscopy synchrotron beamline (Elettra Sincrotrone, Trieste, Italy) [24] , with the aim of complementing and clarifying some questionable aspects emerging from the preliminary investigations. Therefore, the potential of X-ray synchrotron microscopy in the investigation of the adhesion and cohesion ability of protective and consolidant products was assessed, by arranging for the first time a new set up at TwinMic beamline. Indeed, synchrotron soft X-ray microscopy mostly works in transmission mode [28] , hence it does not normally allow to study samples with a thickness higher than a few micrometers. However, in this research, soft X-ray microscopy was successfully used in reflection mode to scan 1 mm thick cross sections. The preliminary SEM-EDS imaging provided a benchmark to assess the potentiality of Xray Microscopy; moreover, in the set-up adopted at the synchrotron facility, the availability of SEM images provided an indispensable reference for a proper selection of regions of interest (ROIs) to be mapped by soft X-ray microscopy.
Materials and methods
The preliminary laboratory tests carried out during the project on a wide range of new ad hoc synthesized products supported the selection of formulates for specific lithotypes, also in combination with commercial products, in order to tailor specific conservative actions on the worksite requirements.
In this perspective, nano-TiO 2 -based formulations were suggested for the protection of a fine-grained quartzarenite, i.e. Obernkirchen sandstone, and different mixtures of consolidants were indicated for a coarse-grained quartzarenite, i.e. Schlaitdorf sandstone.
Stone substrates
Obernkirchen stone (from Bückeberge, Lower Saxony, Germany) is a fine to medium-grained (0.04-0.1 mm), well-sorted, porous (~24% v/ v) quartz-arenite with color ranging from white-gray to light orange. It is mainly composed of quartz grains (98%), along with small amounts of feldspar, dolomite and opaque minerals; the grain-supported texture is characterized by a kaolinite authigenic matrix, growing on grain surfaces, partly filling pores and forming bridges together with dolomite. Schlaitdorf stone (from Schlaitdorf, southern Germany) is a whitish to yellowish coarse-grained porous (~16% v/v) quartz-arenite (grain size about 1 mm), characterized by well-sorted quartz grains (~70%) and, subordinately, rock fragments (~10%) and altered feldspars. This clastic fraction is dispersed in a matrix consisting of dolomite, kaolinite and illite.
Both sandstones were widely used in ancient masonry in Germany [33, 34] and in different construction phases of the Cologne Cathedral (hence part of the testing program in the Nano-Cathedral Project).
Conservation products

Protectives
The protectives developed in the framework of the Nano-Cathedral Project, named ANC and WNC, are nanocomposite formulations based on alkylalkoxysilane reactive sols and TiO 2 nanoparticles.
ANC consists of silane monomers (40% w/w) and TiO 2 nanoparticles (0.12% w/w) in 2-propanol, while WNC is based on silane oligomers (15% w/w) and TiO 2 nanoparticles (0.96% w/w) in water. Upon hydrolysis and condensation of the silane units, the sols give rise to organosilica gel networks, which are able to fix onto the silicatebased matrix of sandstones by virtue of unreacted silanol groups. The organosilica gel imparts water-repellent features to the products [26] , while the presence of TiO 2 nanoparticles is expected to add photocatalytic and self-cleaning properties [35] and reduce the shrinkage of the gel [36] .
A characterization of these products, including FTIR spectroscopy, rheology and DLS measurements, was reported in previous studies [27, 30] . To the purpose of this research, it is important to emphasize that they are marked by a different aggregation of the silane units and a different nanoparticle size. ANC consists of unreacted silane monomers and its titania nanoparticles are quite small in size (d ≃ 25 nm), whereas WNC contains reactive and partially condensed silanes (oligomers) and considerably larger titania nanoparticles (d ≃ 100 nm) [30] . These features were shown to have a strong influence on the transport properties of the products and their interaction with the pore surface area of different stone substrates, reducing the penetration of WNC to a considerable extent as compared to ANC [30] .
As a preliminary investigation, the morphology and chemical composition of the products upon gelification and drying were investigated through SEM-EDS. Small amounts of ANC and WNC were deposited on glass slides and allowed to dry at room temperature. The analysis was carried out in back-scattered electron (BSE) mode on a Zeiss EVO 50 EP ESEM equipped with an Oxford INCA 200 -Pentafet LZ4 spectrometer for the detection of elements.
Consolidants
Two consolidants developed in the framework of the Nano-Cathedral Project, namely NC-12C and NC-29C, were studied. NC-12C is a liquid dispersion of nano-silica (13% w/w) in ethanol/water, while NC-29C is a water-based dispersion of nano-zirconia (15% w/w).
Over these last years, both nano-silica and nano-zirconia have been widely studied as consolidants [36] , showing improved cohesion ability and reduced cracking as compared to traditional TEOS-based consolidants [37] .
A preliminary characterization of NC-12C and NC-29C was carried out by FTIR spectroscopy, molecular adsorption and scanning electron microscopy (SEM) with the aim of exploring their chemical and morphological properties upon drying. Infrared spectra were recorded on dried products in the 550-4000 cm −1 range with a Nicolet 380 Thermo Corporation Fourier transform infrared (FTIR) spectrometer equipped with a smart Itx Attenuated Total Reflectance (ATR) accessory with diamond plate, collecting 256 scans at 4 cm −1 resolution. The specific surface area was obtained from the adsorption isotherms according to the Brunauer-Emmett-Teller (BET) method using a Micromeritics Gemini V surface area analyzer operating with N 2 as the adsorbate; standard outgassing pre-treatment was 3 h at 250°C under vacuum. The size and shape of nanoparticles was determined by field emission scanning electron microscopy (FESEM) using a FEI Quanta 450 ESEM FEG environmental field emission instrument on diluted solutions cast on a glass surface.
Samples selection and preparation
A selection of samples from the testing protocol of the project were investigated at TwinMic soft X-ray microscope ( Table 1 ).
In detail, the inspection of protective adhesion ability was carried out on Obernkirchen sandstone specimens treated with ANC and WNC products, according to procedures assessed during the previous laboratory tests [30] (see Fig. SM1 ).
The inspection of adhesion/cohesion ability of NC-12C and NC-29C consolidants was verified on treated sieved aggregates of Schlaitdorf sandstone (see Fig. SM1 ). This sample preparation was conceptualized during the project testing protocol in order to mimic the real damage conditions of the substrates under study and evaluate the ability of the consolidants to adhere to the mineral grains and create bridges among particles able to restore the stone cohesion. Moreover, due to worksite requirements aimed at recovering different damage effects, the combination of new formulates and commercial products was tested in the project; these samples were selected for this study, as the interaction between sandstone substrates, new formulates and commercial products is quite complex to assess through traditional methods. In particular, the following treated specimens were selected and prepared for the analysis: (i) sample S1: sieved aggregate of Schlaitdorf sandstone treated with NC-12C (silica sol at 13% w/w in water/ethanol mixture) followed by KSE 300 (Remmers Baustofftechnik GmbH, Germany), a product consisting of partially condensed tetra-ethoxysilane (TEOS); (ii) sample S2: sieved aggregate of Schlaitdorf sandstone treated with NC-29C (nano suspension of ZrO 2 in water) followed by DN consolidant (ChemSpec srl, Italy), consisting of TEOS in 2-propanol. From these treated specimens, cross sections were cut perpendicular to the treated surfaces with a thickness of 1 mm, spanning to a depth of 10-12 mm.
Scanning electron microscopy
All samples to be scanned at the TwinMic soft X-ray microscope were preliminarily observed by SEM-EDS in back-scattered electron (BSE) mode on a FEI Quanta 250 ESEM FEG microscope coupled to a Pegasus EDS probe, in order to make a survey of cross sections for the identification of the regions of interests; a profile of approximately 1.2 mm × 10 to 12 mm was studied and documented. Two more samples taken from specimens treated with protectives were gold-sputtered and used to inspect the treated surface.
Soft X-ray synchrotron microscopy
The TwinMic microscope [24] was operated in scanning mode, whereby a zone plate diffractive optics focuses the X-ray photon beam on the sample plane and the sample is raster scanned by means of a piezoelectric motor stage. The sample stage consists of X and Y stepper motors ( ± 2.5 mm scan range in both direction with micrometric resolution) to roughly position the sample under the beam and of a piezoelectric motor stage (5 nm spatial resolution over a 100 μm range) lying on it to perform fine scans. A photon energy of 2 keV was selected in order to obtain the optimal simultaneous excitation of Si, Al and Na, which were the elements of interest for these measurements. While scanning the sample, the XRF photons emitted by the samples point by point in the raster scan are collected by 8 Silicon Drift Detectors (SDDs) and produce XRF elemental maps [38] . The energy resolution of SDDs is 127 eV on Mn K-alfa line (5898 eV) and 75 eV on C K-alfa line (277 eV). Therefore, even if Ti L emission lines could in theory be detected, practically these lines overlap heavily with O and N K emission lines, making it very difficult to univocally discriminate the presence of titanium.
Normally, TwinMic works in transmission mode, whereby the transmitted X-ray photons are collected by a fast-readout EMCCD camera and produce absorption and phase contrast images of the scanned areas [39, 40] . Due to difficulty in slicing stones to a thickness < 1 μm, it was chosen to operate the microscope in a non-standard way. Because of the thickness of the prepared samples (1 mm), no transmission signal could be collected from the EMCCD camera. This prevents adjusting and checking directly the focus of the X-ray beam on the sample. In order to overcome this limitation, a Cu TEM grid was installed on the sample plane close to an edge of the analysed specimen and the focusing procedure was applied there. After that, the area of interest was identified by moving blindly inside the sample, calculating the distance from the Cu grid and the edges of the sections previously mapped by means of SEM, and finally monitoring the Si XRF signal. A careful alignment of visible light and SEM images was necessary to get the position as precise as possible. The beam size was set to 1 μm in diameter, which makes a good compromise between the size of features of interest and the XRF signal. The elemental maps, acquired over areas of 80 × 80 μm 2 and 50 × 50 μm 2 , according to the size of the regions of interest and the available beamtime, were obtained by fitting the XRF spectra (5 s/pixel acquisition time) using PyMCA [41] .
Results and discussion
3.1. Preliminary characterization of products and SEM survey of treated sandstones
Protectives
The SEM images of ANC and WNC ( Fig. 1a-b) after solvent evaporation on a non-porous substrate highlight the different behavior of the two products upon gelification and drying. WNC produces a film with diffuse cracks, while ANC gives rise to a porous solid made up of particle aggregates with high specific surface area. The respective EDS spectra ( Fig. 1c-d) show that silicon, carbon, oxygen and titanium are Obernkirchen stone Stone specimen ANC (nanocomposite based on alkylalkoxysilane monomers and TiO 2 nanoparticles in 2-propanol) S1
Schlaitdorf stone Aggregate on stone ("sandwich") 1) NC-12C (silica sol at 13% w/w in water/ethanol mixture) the main constituents in both products, with the co-presence of residual elements (chlorine in WNC, sodium and calcium in ANC), as usual in commercial formulations [42, 43] .
In treated Obernkirchen sandstone, WNC gives rise to thick surface accumulations, well-visible both on surface ( Fig. 2a ) and cross section images (Fig. 2b ) at low magnification, while faint residues can be detected up to 150 μm underneath. ANC produces a very thin and inhomogeneous (granular) surface coverage, which only comes across in high-vacuum surface images at high magnification (Fig. 3a) , while it is not visible in the cross section image (Fig. 3b ). Under the surface, the product could not be detected, thus making it impossible to gain evidence about its distribution inside the pore network and its penetration depth. A detection of the products through titanium mapping proved of limited use in both cases, due to the low TiO 2 concentration (especially in ANC) and the co-presence of rare rutile crystals in the mineralogical composition of Obernkirchen sandstone.
Consolidants
The spectroscopic characterization of NC-12C alone deposited on a non-porous substrate reveals the typical bands of silica, i.e., the antisymmetric Si-O-Si stretching at 1050 cm −1 and the corresponding symmetric stretching at 800 cm −1 (Fig. 4a) . BET measurements yield a surface area value of 157 m 2 /g, which indicates that a nano-porous solid originated from the nano-silica dispersion. FESEM observation revealed a system mainly composed of spherical nanoparticles with a size of 24 ± 3 nm (Fig. 4b) .
As for NC-29C, the infrared spectrum exhibits a prominent band at 1410 cm −1 , corresponding to OeH bending, while the band around 1556 cm −1 may be due to the adsorbed moisture and peaks in the 3300-3400 cm −1 region may be attributed to OeH stretching, characteristic of a highly hydrated compound. The ZreO stretching peak lies at about 500 cm −1 (Fig. 4c ). BET measurements yield surface area values of 47.3 m 2 /g for zirconia nanoparticles. These values, together with FESEM observations, indicate that the product is nano-porous, with a NPs average size of 49 ± 8 nm ( Fig. 4d ).
SEM observations on treated cross sections selected to be scanned at TwinMic allowed to identify consolidants in the pore space between the aggregates. Even if the detection of the products was assured, some uncertainties regarding their possibly different interaction with the mineral species as well as their distribution in the pore network system (e.g., big pores vs. narrow channels, preferential adhesion to quartz or kaolinite, etc.) still persist.
In sample S1 (Fig. 5a ), treated with NC-12C (silica sol in water/ ethanol mixture) followed by KSE300 (a commercial TEOS product), (b) (a) S1a S1a S1b S1b S2a S2b 0 0.5 the products seem to fill large voids between quartz grains and kaolinite bunches (Fig. 5a, S1a) , forming bridges in a very narrow void between two adjacent quartz grains (Fig. 5a, S1b) . Nevertheless, SEM analysis did not allow to discriminate the location of the two applied products (NC-12C or KSE300), thus preventing the evaluation of the preferential cohesion and adhesion ability of these formulates with respect to quartz or kaolinite mineral grains. In sample S2 (NC-29C + DN) (Fig. 5b) , treated with NC-29C (nano-zirconia dispersion in water) followed by DN (TEOS in 2-propanol), nano-zirconia seems to fill large voids between a quartz grain and kaolinite bunches (Fig. 5b, S2a) , while the combined two products seem to interact in forming bridges between quartz grains (Fig. 5b, S2b) . However, the interaction between the two products and the possible differences in their cohesion ability as well as their adhesion properties towards quartz and kaolinite grains could not be clearly understood through SEM analysis.
Soft X-ray microscopy
Protectives
As mentioned above ( §3.1.1), SEM analysis on treated cross sections allowed to observe a different behavior between the two products. However, the description of their distribution inside the pore network, the adhesion to different mineral grains and the ability to create bridges among particles require a more in-depth investigation.
Soft X-ray Fluorescence scans were acquired at different depths (distance from the stone surface) in order to evaluate the specific interaction of the products with the two main mineralogical components of the sandstone, i.e., quartz and kaolinite, and the adhesion/cohesion ability of the products in depth both in wide and narrow pore channels.
In the sample treated with WNC (O1), three regions of interest (ROIs) were scanned (namely a, b, and c), located at different distances from the top of the section, i.e., from the treated surface (Fig. 6 ). In particular, O1.a was selected close to the surface, in order to obtain a reference scan of the product since it was clearly visible there upon SEM observation. O1.b and O1.c were selected at a distance of 2.2 and 4.8 mm from the top surface. In the sample treated with ANC (O2), two ROIs (a and b) were selected: O2.a was selected close to the surface, while O2.b was located at 2.9 mm from the top (Fig. 7) .
Since titanium cannot be easily detected by TwinMic ( §2.5), silicon and oxygen were regarded as the main tracers for the products. According to SEM images, WNC (O1) is clearly visible as a film on the surface (O1.a, Fig. 6a ), characterized by shrinkage cracks. In the interior of the sample (areas O1.b and O1.c), the protective is less clearly discernible; however, in combined images accounting for silicon, aluminum and oxygen distribution, the lower-intensity silicon and oxygen counts detected around quartz grains in larger pores may be ascribed to the presence of the product, witnessing its penetration up to 5 mm depth (much higher than ascertained by SEM analysis) and its preferential deposition as a thin layer on quartz grains (Fig. 6b and c) . The occurrence of a thick film on the sandstone surface would suggest a partial clogging of the outermost pores; however, the synchrotron XRF maps highlight that the creation of a barrier close to the surface does not hinder the penetration of the product in depth. In terms of adhesion with mineral grains, the product is preferentially linked to quartz and located in larger pores, while in narrow channels its presence is not verified.
On the contrary, ANC (O2, Fig. 7 ) appears less visible, even if the silicon and oxygen intensity maps seem to suggest the occurrence of thin and non-continuous layers up to 2.9 mm in depth, in large channels and around quartz grains.
In both samples, sodium in extremely low amount was detected. Actually this result might be ascribed to the non-exhaustive purification of the products [42, 43] , since the presence of residual sodium was detected in EDS spectra, at least in the case of ANC (see Fig. 1 ).
Consolidants
Soft X-ray fluorescence microscopy scans collected on sample S1 (NC-12C + KSE300) ( Fig. 8) allowed to discriminate the two products through their different silicon emission intensity. Indeed, the silica gel from NC-12C shows an emission intensity close to quartz, while that of the gel precipitated from KSE300 is significantly lower. Furthermore, NC-12C is characterized by a higher sodium amount, whereas this element cannot be found in KSE300. The whole of this information contributes to conveying an idea of the differential distribution of the products. Both gels display a good affinity to quartz and kaolinite, as suggested by the quite efficient bridging that occurs among gels and stone grains. However, NC-12C reveals higher ability to fill large pores, where it shows limited shrinkage, while KSE300 is preferentially found in small channels. Moreover, NC-12C accumulates closer to the surface, while KSE300 lies underneath.
In sample S2 (NC-29C + DN, Fig. 9 ), since zirconium cannot be detected by soft X-ray emission microscopy at TwinMic (Zr L emission lines lie outside the current operational TwinMic energy range), the discrimination between the two products was based on SEM-BSE images. The zirconia (NC-29C), as the first step of treatment ( §2.3), lies underneath the silica gel. From SEM images, it seems to attach well to the mineral surfaces of quartz and kaolinite, especially those located in narrow channels. On the other hand, the silica gel (DN) seems to preferentially create bridges between quartz grains and kaolinite in larger pores (ROI S2.a); also, it contributes to the cohesion of the grains by interacting with zirconia in small channels (ROI S2.b). The interaction between NC-29C and DN seems to depend on the thickness of the zirconia gel: where the latter is less dense, the silica gel is able to penetrate into it homogeneously. X-ray fluorescence maps show that the silica gel from DN can be well distinguished from the mixture of consolidants, both through the silicon and sodium emission intensity. Indeed, DN has a significant amount of sodium. Contrary to the hypothesis that zirconia should bind particularly well to kaolinite and DN-gel to quartz, both consolidants turn out to have good binding capacity towards both mineral substrates. With regard to its composition based on the silicon and oxygen intensity emission, DN is similar to KSE300.
Conclusions
In this research, synchrotron radiation soft X-ray Fluorescence was used at TwinMic in a new set-up to study sandstone cross sections with 1 mm thickness. Thanks to a preliminary SEM survey, an easy identification of areas of interest to be scanned was achieved, even by working in reflection instead of transmission mode. The new set-up On tracing perspectives and drawbacks, soft X-ray emission microscopy appears to bring some advantages with respect to other imaging methods, specifically scanning electron microscopy. Indeed, differently from the latter, signals are much less influenced by relief at grain boundaries, which are usually created by polishing and affect the inspection of small details. Moreover, XRF maps exhibit a higher chemical sensitivity.
As regards protectives, combined images accounting for Si-Al-O and Si-Na-Al distributions allowed to discuss the interaction of the products with a sandstone substrate. The use of synchrotron X-ray maps on samples treated with TiO 2 -based nanoparticle products allowed to better understand the interaction of the protectives with the sandstone matrix. Even though differences in terms of penetration ability and thickness of deposited layers were observed, both ANC and WNC were found to preferentially adhere to quartz grain surfaces around the largest pores, whereas no trace of theirs was found in narrow pores and in correspondence of kaolinite bunches.
As for consolidants, NC-12C and KSE300 can be well distinguished on the basis of their silicon and sodium emission intensities. Both gels demonstrated good adhesion to quartz and kaolinite. However, NC-12C seems to have a better ability to fill large pores than KSE300, which is preferentially located in small channel-like pores. Regarding the combined treatment obtained from nano-zirconia (NC-29C) and TEOS (DN), synchrotron-based maps allowed clarifying significant aspects concerning the interaction between the two products and their different ability to create bridges between the main mineralogical components of the stone. It was possible to notice that silica gel (DN), clearly detectable and distinguishable from zirconia by the sodium emission intensity, seems to penetrate into the zirconia gel. The two products can be also discriminated on the basis of the oxygen emission intensity, which indicates a different polycondensation of the gels. Finally, contrary to the hypothesis of a different adhesion ability of the two products, they showed good binding capacity towards both substrate minerals.
Therefore, regarding the contribution of the method in understanding the adhesion and cohesion of products to the substrate, the results highlighted the ability of soft X-ray microscopy to allow a better visualization and description of product distribution, even when present in thin layers at grain boundaries. Moreover, the possibility of discriminating the contribution of different products, especially in the case of mixed consolidants, allowed describing their different behavior concerning the adhesion to mineral grains (quartz vs. kaolinite) and the preferential distribution in large pores vs. narrow pore channels. The only significant limitation of the method is the impossibility of resolving titanium and zirconium, which are important constituents of some of the products considered in this study. Finally, even though there are studies of stone degradation and/or conservation based on X-ray tomography [3, 5, 44] , to our knowledge this is the first study where X-ray microscopy has been used to investigate stone protectives and consolidants at the micron length scale.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.matchar.2019.109853. Fig. 9 . XRF maps of Si, Al, Na and O, acquired on two different areas of S2 sample (NC29C + DN) at TwinMic beamline, (over a region of 80 × 80 μm 2 at 2 keV with a beam spot size of 1 μm), shown together with the corresponding BSE images. TEOS and NC-29C in the BSE images indicate the presence as identified through electron microscopy. The right column shows the co-localization of Si, O and Al in red, green and blue, respectively, in both mapped areas. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
